The syringomycin-stimulated in vitro protein phosphorylation of the plasma membrane H+-ATPase of red beet (Beta vulgaris L.) storage tissue was investigated. Peptides representing the H'-ATPase N and C termini and nucleotide binding site (P-2, P-3, and P-1, respectively) were synthesized, and rabbit antisera against each were produced. In western immunoblots of purified plasma membranes, these antisera immunoreacted with the 100-kilodalton polypeptide of the H -ATPase and with other smaller polypeptides. The smaller polypeptides appeared to be degraded forms of the intact 100-kilodalton polypeptide. Immunoprecipitation experiments showed that plasma membranes treated with syringomycin had increased protein phosphorylation rates of the 100-kilodalton polypeptide. Optimal phosphorylation levels were achieved with 25 micromolar free Ca2". Phosphoserine and phosphothreonine were detected in the immunoprecipitates. Washed immunoprecipitates generated with anti-P-1 possessed protein phosphorylation activity. This immunoprecipitate activity was not stimulated by syringomycin, but it was inhibited when plasma membranes were treated with sodium deoxycholate before immunoprecipitation. The findings show that syringomycin stimulates the phosphorylation of the plasma membrane H+-ATPase and that specific protein kinase(s) are probably associated with the enzyme. SR2 is a virulence factor produced by certain plant pathogenic strains of Pseudomonas syringae pv syringae (30). This 1226-D lipodepsipeptide (9, 28) affects the plasma membranes of plants and yeast (30) . SR alters the charge potential and Ca2" and K+ fluxes across these plasma membranes (15, 25, 31, 34) . The closure of stomata that it induces in whole leaves of Vicia faba (21) (3, 34) . It also stimulates the
. The closure of stomata that it induces in whole leaves of Vicia faba (21) is consistent with its stimulation of cellular K+ efflux (35) . The reversal of SR-induced stomatal closure by fusicoccin shows that SR affects leaf guard cells without disrupting the plasma membrane (19) .
SR stimulates the in vitro plasma membrane H+-ATPase activities of the yeast Rhodotorula pilimanae and of red beet (Beta vulgaris L.) storage tissue (3, 34) . It beet storage tissue plasma membranes (2) . Of special interest is the phosphorylation of one or more 100-kD polypeptides that correspond in size to the monomer of the P-type plasma membrane H+-ATPase (2) . Thus, SR may activate a protein kinase that phosphorylates and modulates the activity of the H+-ATPase, or SR may inhibit protein dephosphorylation.
The identity of the 100-kD phosphopeptide with the H+-ATPase has not been established, and it is not certain that SR stimulates the phosphorylation of the P-type H+-ATPase. It is possible that SR could phosphorylate 100-kD polypeptides that have other functions. Dhugga and Ray (7) recently showed that major polypeptides of approximately 100 kD that are not P-type ATPases occur in plasma membranes of pea hypocotyls. A similar situation likely occurs with the red beet storage tissue plasma membranes. Thus, the 100-kD phosphopeptide must be identified as the H+-ATPase before correlating its SR-stimulated activity with phosphorylation.
Schaller and Sussman (27) reported evidence for the Ca2+-dependent phosphorylation of the oat root plasma membrane H+-ATPase. However, the phosphorylation was not induced by an effector and a relationship between phosphorylation and enzyme activity was not determined.
In this study, we used antisera against the H+-ATPase to monitor its phosphorylation among the polypeptides of the red beet storage tissue plasma membrane. The antisera reacted with a 100-kD polypeptide, and SR-stimulated phosphorylation of this polypeptide was detected. Phosphothreonine and phosphoserine were found in an immunoreactive complex containing the phosphopeptide. These observations show that the phosphorylation rate of the red beet storage tissue plasma membrane H+-ATPase increases with in vitro SR treatment.
MATERIALS AND METHODS

Red Beet Storage Roots and Isolation of Plasma Membranes
Red beet (Beta vulgaris L.) storage roots were purchased commercially. After removal of the leaves, the roots were stored in moist vermiculite at 40C. Plasma membranes were isolated as described earlier (3) . ATPase assays (3) were performed with all plasma membrane preparations, and the inhibition of ATPase activities by 100 ,M sodium orthovanadate was measured. Only membrane preparations showing more than 80% inhibition were used. NH2-Lys-Gly-His-Val-Glu-Ser-Val-Val-Lys-Leu-Lys-Gly-Gly-Gly-* Figure 1 . Amino acid sequences of the synthetic peptides. The nucleotide binding site, Nterminal, and C-terminal sequences (P-1, P-2, and P-3) were deduced from the gene sequence of the A. thaliana plasma membrane H+-ATPase. Peptides were conjugated to the MAP system of Tam (35) and antisera against these peptide-MAP conjugates were obtained. Linkers between the MAP and P-2 and P-3 are indicated, and the cross-link positions between the lysyl group of the MAP and the peptides are shown by an asterisk (*). j Linker Peptide epitope Peptide Synthesis and Purified Neurospora crassa H -ATPase Peptides P-1, P-2, and P-3 ( Fig. 1) were synthesized at the Utah State University Biotechnology Center. P-1 was crosslinked to the lysyl group of the MAP system octavalent core of Tam (32) with glutaraldehyde. P-2 and P-3 were synthesized on the branching lysine core of the MAP system. Pure Neurospora crassa H+-ATPase was provided by Dr. A. Bidwai (University of North Carolina).
Antisera
Control sera were obtained from rabbits before injection with antigens. Peptide or purified H+-ATPase (1 mg) Laemmli (16) . After SDS-PAGE, proteins were electrotransferred to nitrocellulose membranes (Bio-Rad, 0.45 um pore size). Immunoreactive polypeptides were detected using alkaline phosphatase-conjugated secondary antibodies and color development with nitroblue tetrazolium and bromochloroindoyl phosphate (10) . The developed membrane was autoradiographed at -700C with Kodak X-Omat AR film and intensifying screens.
Partial Purification of the H -ATPase
Plasma membranes (2 mg/mL) were solubilized with 20% (v/v) glycerol and 0.1% (w/v) Zwittergent 3-14 for 20 min at 40C. The mixture was then centrifuged at 200,000g for 30 min at 40C. The supernatant containing the ATPase activity was recovered.
Immunoprecipitation
Immunoprecipitation was performed using methods described by Harlow and Lane (10) with Laemmli sample buffer as described above. After centrifugation at 13,000g for 1 min, the supernatant fluid was recovered and BSA (100 Mg) was added. Proteins were precipitated with 50 ,uL of 20% (w/v) TCA and the pellets were washed with diethyl ether to remove TCA. The dried proteins were suspended in 6 N HCl and hydrolyzed under vacuum at 1 10C for 2 h. The hydrolysates were then dried under vacuum, dissolved in H20, and mixed with standard solutions of phosphoserine, phosphothreonine, and phosphotyrosine. Phosphoamino acids were separated by cellulose (0.1 mm) TLC at pH 3.5 (12) . The developing solvent was n-butanol:isopropanol:formic acid:H20 in a ratio of 3:1:
The plates were sprayed with 0.1% (v/v) triethylamine in acetone and then sprayed with ninhydrin (1 g/500 mL) to allow visualization of the amino acids. After drying, the plates were analyzed by autoradiography as described above for the immunoblots.
RESULTS
Synthetic Peptides and Production of Specific Antisera
Rabbit antisera were produced against three synthetic peptides having primary structures deduced from the DNA sequences of the plasma membrane H+-ATPase genes of Arabidopsis thaliana (11, 23) . The peptides were: P-1, a 16-amino acid peptide representing the nucleotide-binding site and equivalent to peptide F of Schaller and Sussman (26); P-2, a 10-amino acid N-terminal peptide; and P-3, an 11-amino acid C-terminal peptide (Fig. 1) . The P-1 sequence is highly conserved among P-type ATPases (11). The P-2 and P-3 sequences are unique to the plasma membrane H+-ATPase and are conserved among the several isoforms of this enzyme (11) . To assure high antibody titers, the peptides were crosslinked to or synthesized on the MAP system of Tam (32) before injection into rabbits.
Immunoreaction of the Peptide Antisera with the Red Beet Storage Tissue Plasma Membrane H -ATPase SDS-PAGE western immunoblots of red beet storage tissue plasma membranes showed that all three peptide antisera reacted with a polypeptide of approximately 100 kD ( Fig.  2A ). Anti-P-2 and anti-P-3 reacted strongly with the 100-kD polypeptide; anti-P-1 reacted less strongly, and only weakly when the membranes were treated with SR and ATP. Other polypeptides reacted with the antisera. Polypeptides ranging in size between approximately 70 and 40 kD immunoreacted to varying degrees with the antisera. Polypeptides of about
Phosphorylation of Immunoprecipitates
Unlabeled plasma membranes were disrupted with lysis buffer, with or without sodium deoxycholate, and immunoprecipitated with anti-P-1 as described above. The immunoprecipitates were then phosphorylated by incubation with [y-32P]ATP (5 Plasma membranes were phosphorylated with or without SR, immunoprecipitated with anti-P-1, anti-P-2, or anti-P-3, washed, and subjected to SDS-PAGE. The position of the H+-ATPase 100-kD polypeptide is indicated by an arrow.
The phosphorylation level of the immunoprecipitated polypeptides varied with the concentration of free Ca2+ (Fig. 4) (Fig. 2B) . Both of these latter antisera revealed at least two closely migrating immunoreactive 100-kD bands. In contrast, antisera produced against the purified plasma membrane H+-ATPase of N. crassa gave a pattern resembling the one generated with anti-P-1 (data not shown). Incubation of the membranes with SR had no major effects on the polypeptide mobilities in SDS-PAGE ( Fig. 2A) . Anti-P-1 inhibited the activity of Zwittergent 3-14-solubilized and partially purified ATPase of the red beet plasma membrane by 35%.
Some of the immunoreactive polypeptides that were smaller than 100 kD appeared to be degradative products of the H+-ATPase. Purified membrane preparations having lower vanadate-sensitive ATPase activities showed more prominent immunoreactive bands of polypeptides with sizes between 70 and 40 kD. This observation is consistent with the well-known lability of the H+-ATPase.
When plasma membranes were incubated with ['y-32P]ATP before SDS-PAGE and then western immunoblotted with anti-P-1, anti-P-2, or anti-P-3, a phosphopeptide corresponding to the immunoreactive 100-kD polypeptide was detected (data not shown). Other phosphopeptides were also observed. The phosphorylation of most of these polypeptides, including the 100-kD polypeptide, was stimulated by SR.
Immunoprecipitation of the H+-ATPase Phosphopeptides
The immunoblots described above suggested that the immunoreactive 100-kD H+-ATPase was phosphorylated and that SR stimulated the phosphorylation. However, with combined SDS-PAGE and western immunoblot analysis, the 100-kD H+-ATPase cannot be distinguished from similarly migrating, but functionally different, phosphopeptides. To overcome this problem, immunoprecipitation experiments
Effect of Other Detergents on Immunoprecipitation
In the immunoprecipitation experiments described above, the plasma membranes were solubilized with a detergent mixture (lysis buffer) containing sodium deoxycholate, NP-40, and SDS. The immunoprecipitates contained phosphopeptides in addition to the intact H+-ATPase 100-kD phosphopeptide (Fig. 3) 
Phosphorylation of the Immunoprecipitates
When anti-P-1 immunoprecipitates from lysis buffertreated and unlabeled plasma membranes were incubated with [,y-32P]ATP, the level of protein phosphorylation was relatively low. However, relatively prominent 30-and 20-kD phosphopeptides were observed (Fig. 5) . When sodium deoxycholate was omitted from the lysis buffer, the immunoprecipitate phosphorylation rates were higher (Fig. 5) . The phosphopeptide pattern resembled that obtained with phosphorylated membranes (Fig. 3) . SR added to the immunoprecipitates during incubation with [y-32P]ATP did not alter the phosphopeptide patterns (data not shown). These observations show that a SR-insensitive, sodium deoxycholate-inhibited phosphorylation activity occurred in the immunoprecipitate.
Determination of the Phosphorylated Amino Acids
Immunoprecipitates from phosphorylated membranes were extracted and hydrolyzed with acid to determine which amino acids were phosphorylated. Autoradiograms of thinlayer cellulose chromatograms revealed that serine and, to a 5, and 7) or without (lanes 2, 4, and 6) SR and immunoprecipitated with anti-P-1 (lanes 4 and 5), anti-P-2 (lanes 2 and 3) , or anti-P-3 (lanes 6 and 7) . The immunoprecipitates were hydrolyzed and phosphoamino acids were determined after TLC and autoradiography. A ninhydrin-stained chromatogram (lane 1) shows the separation of phophotyrosine (pTyr), phosphothreonine (pThr), and phosphoserine (pSer). The position of Pi is shown.
lesser extent, threonine were phosphorylated (Fig. 6 ). SR treatment of plasma membranes increased the phosphorylation level of both amino acids.
DISCUSSION
Our results show that the P-type H+-ATPase of the red beet storage tissue plasma membrane is phosphorylated with SR treatment in a Ca2"-dependent manner. It must be emphasized that this phenomenon occurs in vitro and that its in vivo occurrence and significance await further study. Nevertheless, an in vivo role for protein phosphorylation in SR's effects was recently shown with Catharansus roseus cells by Kauss and Jeblick (14) . The SR-induced Ca2" uptake in these cells was decreased by the addition of the protein phosphatase inhibitor okadaic acid. If and how plasma membrane H+-ATPase phosphorylation plays a role in this effect is not known. The phosphorylation of the plasma membrane H+-ATPase of oat roots (27) and yeast (33) have been reported previously. However, in both cases, phosphorylation was not modulated by effectors or correlated with enzyme activity.
Specific antibodies that immunoreact with the 100-kD polypeptide of the H+-ATPase allowed us to monitor the phosphorylation of this enzyme. Several lines of evidence show that the immunoreactive 100-kD polypeptide is the H+-ATPase: (a) Four different antisera immunoreacted with this polypeptide. These included one prepared against the purified oat root plasma membrane H+-ATPase and two directed against the nonconserved N and C termini unique to the P-type H+-ATPase (i.e. anti-P-2 and anti-P-3). (b) A decrease in the relative amount of the immunoreactive 100-kD polypeptide correlated with a decrease in the specific activity of the enzyme in plasma membrane preparations. (c) Anti-P-1 inhibited the activity of a vanadate-sensitive plasma membrane ATPase. (d) The 100-kD polypeptide was recovered in washed immunoprecipitates obtained with the specific H+-ATPase antisera. Both the oat root H+-ATPase antiserum and anti-P-2 detected two closely spaced polypeptide bands at the 100-kD region in SDS-PAGE, possibly reflecting the occurrence of isoforms of the H+-ATPase (11) or proteolysis.
In addition to increasing the phosphorylation rate, SR also increases the in vitro activity of a plasma membrane-associated and vanadate-sensitive ATPase presumed to be the H+-ATPase (2, 3). Initially, these two SR-induced phenomena suggested the possibility that increased phosphorylation of the enzyme leads to increased activity. However, other mechanisms for the SR-stimulated activity are possible. For example, the hydrolysis of phospholipids may be involved. Phospholipase-derived lipids such as phosphatidylinositol 5-monophosphate and phosphatidylinositol 4,5-bisphosphate stimulate the plasma membrane H+-ATPase of sunflower hypocotyls and cultured carrot cells (18) . Lysophosphatidylcholine stimulates ATP-dependent H+-transport in oat root plasma membranes (20) . Recent findings suggest that alteration of activity by these lipid derivatives may occur via interaction with an autoinhibitory C-terminal domain (21) . It is possible that SR induces hydrolytic production of lipids that interact with the autoinhibitory domain to increase H+-ATPase activity. Finally, SR may unmask latent H+-ATPase activity by altering membrane permeability barriers and allowing access to the ATP substrate (22) . Therefore, the mechanistic relationship between SR-stimulated H+-ATPase phosphorylation and activity in vitro requires further study. In contrast, physiological observations with plants and yeasts suggest the possibility that in vivo SR may inhibit the plasma membrane H+-ATPase. These observations include the SRinduced alkalinization of the yeast suspension medium (25) and leaf stomata closing that is associated with H+-ATPase inhibition (19) .
The serine and threonine-specific protein kinase activity observed in this study may be related to activities described by others. Recently, Putnam-Evans et al. (24) purified a soluble Ca2"-dependent protein kinase from cultured soybean cells. It has been suggested that a membrane-bound form of Ca2"-dependent protein kinase phosphorylates the plasma membrane H+-ATPase (29) . Because Ca2"-dependent protein kinase phosphorylates both serine and threonine residues, a similar enzyme may be involved in the protein phosphorylations observed in the present work. Yanagita et al. (33) purified a protein kinase from plasma membranes of bakers' yeast that is stimulated by SR and other basic peptides. The phosphorylation sites were threonine and serine surrounded by glutamic acid residues (1). In our present work, however, SR did not appear to act directly on a protein kinase. Protein kinase activity in the immunoprecipitates was not influenced by SR. Also, the activities of protein kinases extracted from plasma membranes of red beet storage tissue were not influenced by SR (Y. Suzuki, J. Takemoto, unpublished data).
Immunoreactive polypeptides and phosphoproteins other than the intact 100-kD H+-ATPase were observed. Some of the <100-kD phosphopeptides seen in immunoprecipitates were most likely truncated forms of the H+-ATPase retaining the phosphorylation sites and specific antigenic domains. Plasma membrane preparations with lower ATPase specific activities had higher relative levels of <100-kD immunoreactive polypeptides. These smaller polypeptides resemble those observed in other plant plasma membrane H+-ATPase preparations (13) . The 200-kD phosphopeptide observed in the immunoprecipitates is possibly the dimeric form of the enzyme (6) . Because of the presence of <100-kD phosphopeptides in the immunoprecipitates, it is not known if the H+-ATPase is phosphorylated on serine or threonine or both.
Immunoprecipitates generated with anti-P-1 contained protein phosphorylation activity that was largely inhibited when membranes were lysed with sodium deoxycholate (Fig.  5) . In the inhibited immunoprecipitates, 30-and 20-kD phosphopeptides were preferentially phosphorylated. Sodium deoxycholate is known to inhibit SR-stimulated ATPase and protein kinase activities (3) . Therefore, these polypeptides are conceivably protein kinase components specifically associated with the H+-ATPase. Polypeptides of similar size have been associated with plant plasma membrane protein kinases. A 29-kD polypeptide of sugar beet storage tissue plasma membrane that undergoes phosphorylation with ATP was described by Briskin and Thomley (5). Blowers and Trewavas (4) isolated an 18-kD Ca2`-, calmodulin-dependent protein kinase from pea plasma membrane that is capable of autophosphorylation.
